We image with cameras entangled photon light transmitted through a random medium. Near-field and far-field spatial quantum correlations show that entangled photon pairs (bi-photons) generated by spontaneous optical parametric down-conversion exhibit speckle pattern. In contrast, no information from the random medium can be extracted using incoherent light issued from one photon of the pair. Although these measurements require several hours to record thousands of image pairs, our method is instantaneous for the recording of one pair of twin images and involve all the photons of the images.
I. INTRODUCTION
Quantum correlations between optical fields produced in spontaneous parametric down conversion (SPDC) were first observed in 1970 by Burnham and Weinberg [1, 2] . Since the first demonstration of correlation imaging and interference with entangled source [3] , spatial correlations have been a hot topic in the area of imaging [4] [5] [6] [7] . More recently, an experiment done in our group allowed the spatial information stored in a phase hologram to be retrieved [8] by measuring quantum spatial correlations between two images formed by spatial entangled twin photons. In the last years, more studies dealt with the propagation of entangled two photons states through random medium. This phenomenon has been both theoretically [9] [10] [11] [12] [13] [14] and experimentally [15] [16] [17] [18] investigated. From the theoretical point of view, in 1998, Beenakker [9] introduced a convenient formalism of the input-output relations between the incoming and outgoing quantum states. Experimentally, in 2009, Smolka et al. [15] reported the spatial observation between the scattered modes in the random medium and this study showed that the strength of the quantum correlation is related to the number of incident photons. Moreover, in 2010, Peeters et al. [16] showed that, after propagation of entangled photon pairs through a random medium, the spatial repartition of the coincidence counts rate exhibits a speckle structure which cannot be obtained with the single count rate. More recently, Defienne et al. [18] reported the generation of entangled photon pairs with a tunable degree of spatial entanglement by controlling the spatial coherence of the pump beam with random diffusers. While in [16] two ponctual detectors are scanned over different positions, we propose in this paper to directly image the two detection planes using two electron-multiplying charge coupled device (EMCCD) cameras able to detect single photons [19] . Obviously, since all photons are detected, correlations are evidenced on the whole set of photons. Here two configurations will be investigated. First, we put a thin diffuser in the crystal near-field and correlations are observed in the far-field of the crystal. Second, a thin diffuser is placed in the crystal far-field and near-field correlations are observed. Finally, we performed stochastic simulations [20] to confirm the experimental results and the spatial structure expected in the theoretical expression of the correlation function, both in the far-field and near-field correlations.
II. OPTICAL SPECKLE PATTERN WITH ENTANGLED PHOTON PAIRS
To describe the propagation of light through a random medium, we consider the two configurations illustrated in Fig. 1 . The output face of the thin nonlinear crystal lies in the plane (P), with a transverse vector r. The thin random medium, that will be assumed as a pure phase-object of transmission t(r') = e iΦ(r') where Φ(r') is the phase modulation in the transverse plane. It lies in a plane(P ) with a transverse vector r'. The detectors arrays EM CCD1 and EM CCD2 lie in the planes (P 1 ) and (P 2 ) with transverse vectors r 1,2 . Let us consider a SPDC light emitted from a planar thin nonlinear crystal illuminated by a monochromatic beam of frequency ω p and of amplitude E p (r). For a sufficiently thin crystal, we assume that the two photons of the pair are created at the same random place in the nonlinear crystal [8] . First, let us name t s (r') and t i (r') the transmission of the scattering medium for the signal and idler beams. Then, we can write the impulse-response functions of the imaging systems between the crystal and the detection planes for the signal and the idler as [21] :
Two photon speckle generation with entangled photon pairs. The two configurations (a) and (b) are related to the far-field and near-field correlations, respectively. The χ (2) nonlinear crystal is pumped by laser pulses at the angular frequency ωp. The entangled photons (signal and idler) are generated at ωs and ωi = ωp − ωs. Two separated optical systems with the transfer functions h1 and h2 are used to focus the signal and idler beams onto a thin random medium that transmits the two beams with the transmissions ts and ti for the signal and idler beams respectively.Then, another two separated optical systems with the transfer functions h 1 and h 2 are used to image the transmitted beams on the EM CCD1 and EM CCD2 cameras.
Where h 1,2 (r , r) are the impulse-response functions describing the propagation from the crystal plane up to the plane of the random medium. Similarly, h 1 (r , r 1 ) and h 2 (r , r 2 ) describe the propagation from the random medium to the cameras. If we assume that SPDC is detected at the degeneracy (ω i = ω s = ω p /2) with a narrow band interferential filter, we can neglect chromatic dispersion of the whole optical systems. Then, the joint probability of detection of photons at both detectors arrays EM CCD1 and EM CCD2 is given by [22] :
Two imaging configurations are considered in this paper. In the first one (Fig. 1a) , the scattering medium lies in the near-field of the crystal and the detectors arrays, in the far-field, measure momentum correlations. In the second imaging configuration (Fig. 1b) , the scattering medium lies in the far-field of the crystal and detectors arrays image the near-field. In this later case, position correlations are measured.
A. Scattering medium in the near-field, far-field correlations
In this imaging configuration where momentum correlations are measured, a 4 − f optical system is used in both signal and idler branches to image the signal and idler beams at the same place of the random medium. Assuming that the phase matching angular bandwidth allows all the photons from the signal and idler beams to be collected by the 4 − f optical system, we can neglect the effect of the 4 − f system. In this case, we can consider that the transmission for both beams verifies: t s (r s ) = t i (r i ) = t(r ). Then, two identical lenses are used to record the signal and idler beams onto the detectors arrays EM CCD1 and EM CCD2. Thereby, h 1 and h 2 correspond to a two identical 2 − f impulse-response functions which take the form [23] :
where k and λ are the signal/idler wave number and wavelength at the degeneracy and f the focal length of the two lenses. Finally, the impulse-response functions can be simply expressed in the form:
iλf e −ik f r2.r (4) In this case, the detection joint probability becomes:
The correlation function corresponding to the detection of the two photons (signal and idler) on the EM CCD1 and EM CCD2 cameras is given by [8, 22] :
Where * denotes the convolution product and the tilde the bidimensional Fourier-transform operator. Eq. (6) shows that the correlation function corresponds to a convolution product between the pump spatial spectrum and the speckle issued from the random medium. Therefore, we expect a speckle pattern in the correlation image in this case inasmuch as the pump beam is sufficiently large in the direct space.
B. Scattering medium in the far-field, near-field correlations
In this configuration, the signal and idler beams are transmitted through two sequential and identical 2 − f optical systems with a thin random medium in the intermediate Fourier plane between them. The random medium includes two non-identical transmission t s (r s ) and t i (r i ) since the far-field of the signal and idler beams is transmitted by two different areas of the random medium (r s = r i ). Therefore, we can consider that the signal and idler branches comprise a 4−f optical with apertures t s (r s ) and t i (r i ), respectively. Under these considerations, the impulse-response functions in the two branches can be expressed as [22, 23] :
Wheret s andt i are the Fourier-transform of t s (r ) and t i (r ) respectively. From Eq. (3), the joint probability can be expressed as:
In the case, the correlation function becomes:
This equation corresponds to the magnitude of a triple correlation function between the near-field pump amplitude and the Fourier transform of two random uncorrelated phase functions [21] . Due to the complexity of this equation, it is not simple to predict the spatial structure expected in the correlation function. In this case, we performed stochastic simulations to confirm the spatial structure obtained in our experimental results.
III. EXPERIMENTAL SETUP AND RESULTS

A. Far-field correlation: experimental setup
The experimental setup in this subsection is identical to that described in [8] , where the hologram is replaced by a thin diffuser. Fig . 2a shows the experimental setup. Entangled photon pairs are generated by type-II SPDC in a 0.8 mm long β-barium borate (BBO) crystal pumped by a collimated pulsed laser at 355 nm. The pump pulses (330 ps) are provided by a passively Q-switched Nd:YAG laser (27 mW mean power, 1kHz repetition rate and 1.6 mm FWHM beam diameter) see [8] . The lenses L 1 (f 1 =75 mm) and L 2 (f 2 =75 mm) (4 − f ) imaging system are used to image the output face of the crystal onto the diffuser. The entangled photon pairs transmitted by the diffuser are separated thanks to walk-off. Far-field detection is performed by two EMCCD cameras lying in the focal plane of the lenses L 3 (f 3 =150 mm) and L 4 (f 4 =150 mm). Before detection, the SPDC beams are filtered around degeneracy with narrowband interferential filters F 1 and F 2 (@710 nm, ∆λ = 4 nm). Fig. 2b shows a 3D-profile of an area of 2 × 2 mm 2 of the diffusers. The scattering medium is made of a microscopic slide with one side attacked with fluorydic acid. This process allows the production of diffusers of deep roughness (∼ 3 µm) and large waviness profiles (few 100 µm). The deep roughness profile ensures a spatial phase modulation of the transmitted beams with a large amplitude (> 4π) and the large waviness profile ensures that most of the scattered light is spread over a small angular aperture, smaller than the phase matching angular bandwidth (47 mrad). Consequently, we assume that most of the scattered twin photons are collected by the imaging system. To ensure that the diffuser is in the image plane of the crystal, we used a He-Ne laser (no SPDC in this regime) to check the alignment of all optical components and to minimize defocusing of the diffuser plane. Fig. 2c shows the experimental image recorded in the far-field of the diffuser using the He-Ne laser which provides a coherent beam. In Fig. 2c , the speckle pattern carries information both on the coherence properties of the laser light and microscopic details of the diffuser [16] . We determined the size of the speckle pattern and the size of the scatterers along transverse direction. Fig. 2c shows the speckle pattern obtained with a FWHM of 8 mm −1 in the far-field that corresponds to an average size of the diffuser waviness of 125 µ m, in agreement with the waviness of the surface of the diffuser (see Fig. 2b ). Now, we discuss the case where SPDC is used. First, we measure the correlation function with a set of 100 twin images without the diffuser in order to characterize the bi-photon state. Fig. 3a shows a typical single far-field image of SPDC simply conditioned by phase matching. As shown in [16] , the absence of a speckle pattern in the single images of SPDC results from the incoherent character of the light formed by a single beam of the entangled light. The momentum spatial correlation function is calculated by summing the cross-correlations of the signal image of a pair with the 180Â
• rotated idler image of the same pair. Fig. 3b shows a narrow correlation peak in the correlation function without the diffusing medium. This correlation peak gives access to the degree of correlation, i.e the ratio between the number of photons detected in pairs and the total number of photons [8] . In this experiment, the value of the degree of correlation without diffuser is equal to 0.22. This value is close to the effective quantum efficiency 0.26 of the entire detection system and the integral of the correlation peak 0.23 obtained in [24] . The slight difference can be attributed to the additional losses induced by the two supplementary lenses necessary to image the diffusing medium. By approximating the correlation peak to a two dimensional Gaussian profile, we can calculate the conditional variances which correspond to the widths of the normalized cross correlations peak along the x and y axis. For more details about the calculation of the conditional variances, see [25] . From the normalized cross correlation in momentum calculated with a set of 100 twin images (see Fig. 3b ), we calculated the conditional variances and we obtained σ 2 νx = 5, 00.10 −5 µm −2 2 along x axis and σ 2 νy = 1, 05.10 −5 µm −2 2 along y axis. Secondly, we consider the diffuser in the image plane of the crystal as shown in the experimental setup (see Fig. 2a ). Now we consider a single far-field image (signal or idler) of SPDC. Similarly to fig. 3a without diffuser, Fig. 3c and Fig. 3e show typical single far-field images of SPDC simply conditioned by phase matching. Moreover, Fig. 3a; Fig. 3c and Fig. 3e show that the profile of the SPDC beam scattered by the diffuser is not significantly widened. For the correlation function, Fig. 3d and Fig. 3f show a speckle pattern. The presence of the speckle pattern is in agreement with the predictions of Eq. (6) and also consistent with the works done by Peeters et al. [16] where, by scanning the positions of both detectors independently in the horizontal line, a far-field correlation peak appears around a null value of the sum coordinates. As we did with the laser beam in fig. 2c , we determined the speckle pattern size in Fig. 3d and we get a FWHM of 8,4 mm −1 that corresponds to an average size of the diffuser waviness of 119 µm, in agreement with the waviness of the surface the diffuser. The degree of correlation with diffuser estimated in Fig. 3d is 0.17. To explain the difference between the degree of correlation without diffuser and with diffuser, we have considered that a part of correlations are lost due to the reflection or absorption effects induced by the diffuser and also to the fact that few scattered photons are not collected by the imaging system.
B. Near-field correlation: experimental setup
In this second part, we report the near-field correlations between entangled photon of pairs transmitted through the diffuser. As mentioned in section II.B, the far-field of the crystal is imaged onto the diffuser and the spatial correlations are measured between near-field images of the crystal. The experimental setup is depicted in Fig. 4 .
FIG. 4: Experimental setup:
Entangled photon pairs at 710 nm are generated via SPDC in a type-II BBO using 330 ps pump pulse at 355 nm. Lens L1 (f1=150 mm) is used to image the far field of the crystal onto the diffuser placed in the Fourier plane. The entangled photon pairs (signal and idler) transmitted by the diffuser are detected in the near field on the EMCCD1 and EMCCD2 cameras using lenses L2 (f2=150 mm) and L3 (f3=150 mm) respectively. |V and |H represent the vertical and horizontal polarizations. (P1) and (P2) represent the image plane and (P ) the Fourier plane. D is a dichroic mirror, F1 and F2 are the interferential filters.
The experimental setup in near-field is similar to that described in Fig. 2a , when the 4 − f imaging system is replaced by a 2 − f imaging system (L 1 :f 1 =150 mm). In this case the position of the diffuser lies in the far-field of the crystal and the EMCCD cameras image the near-field. The transverse coordinates x and y in the near-field plane are related to the transverse coordinates in spatial frequency units ν x and ν y in the far-field plane by x = λf 1 ν x and y = λf 1 ν y , where λ = 710 nm is the signal or idler wavelength and f 1 the focal length of the far-field imaging lens.
As we did before, first we remove the diffuser in the experimental setup (see Fig. 4 ) and we measure the correlation function with a set of 100 twin images. Fig. 5a shows a single near-field image of the SPDC conditioned by both phase matching and the pump beam size. As written in section III.A and in agreement with [16] , the absence of any speckle pattern is consistent with the incoherent character of the light formed by a single beam of the entangled light. Similarly to the far-field correlation (see Fig. 3b ), near-field correlations without diffuser (see Fig. 5b ) show a narrow peak. The degree of correlation deduced from this peak is equal to 0.23, slightly above that obtained in Fig. 3b . Similarly to the far-field correlations, we calculated the conditional variances in near-field using Fig. 5b . We obtained σ 2 x = 171 µm 2 along x axis and σ 2 y = 72 µm 2 along y axis. Using the conditional variances both in near-field and far-field, we can estimate the Schmidt number of the biphoton state in both transverse dimensions as [26] :
Using Eq. (10), we calculate the Schmidt number of V x = 29 and V y = 347 along x and y dimensions respectively.
The dimensionality of the entanglement, or Schmidt number V , can be assessed as the square root of the product of Schmidt number in each direction by the relation [26] :
The Schmidt number in the two-dimensional transverse space deduced from Eq.(11) is equal to 100. This value characterizes the high-dimensionality of the spatial entanglement in our experiment, allowing coincidence imaging of quite complex objects [8] . We now put the diffuser in the setup and detection occurs in near-field. Fig. 5c and Fig. 5e depict the single near-field images of the SPDC. Like the far-field correlation function (see Fig. 3d and Fig. 3f) , the near-field correlation function (Fig. 5d and Fig. 5f ) exhibits a speckle pattern. Therefore, experimental results and stochastic simulations show that the spatial structure from the magnitude of a triple correlation function in Eq. (9) could be a speckle pattern. The degree of correlation between the entangled photon pairs using a diffuser is estimated to 0.16. This value of degree of correlation is close to that obtained in far-field correlations (see Fig.3d ). Moreover, experimental results and stochastic simulations show that the speckle pattern size in near-field ( Fig. 5d and Fig. 5f ) is related to the pump beam profile (Fig. 5c and Fig. 5e ) in agreement with the fact that near-field correlations depend of the pump profile and the phase matching function. The whole speckle pattern size δx along x axis is estimated to 1.4 mm (see Fig. 5d ). This value of the speckle pattern size in near-field is close to pump beam profile (1.6 mm FWHM beam diameter).
IV. CONCLUSION
We have experimentally studied spatial correlations, imaged by two EMCCD cameras, of a biphoton state transmitted by a scattering medium lying either in the far-field or in the near-field of entangled photons source. As expected, our studies have shown the absence of one photon speckle in the quantum light transmitted through a scattering medium. For the entangled photon pairs, near-field and far-field spatial correlations have been evidenced on the whole set of photons. In both configurations, the correlation function of the entangled photon pairs exhibits a speckle pattern. Our results are in perfect agreement with [16] where the correlations were obtained by scanning two single detectors. No surprisingly, the estimation of the degree of correlation without diffuser and with diffuser has shown that a part of the correlations are lost in presence of a scattering medium. Since scattering of the entangled photons scrambles the quantum correlations, new technologies using spatial light modulator (SLM) are available to control quantum state of the light in random media [17, 27] .
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